INTRODUCTION
The blue king crab (BKC) Paralithodes platypus Brandt, 1850 (Brandt, 1850 ) is a commercially valuable crustacean that occurs in isolated populations in the Bering Sea, Gulf of Alaska, and southeast Alaska, as well as the western Pacific Ocean near Japan and Russia. Commercial fisheries for BKC have occurred around the Pribilof Islands and St. Matthew Island in the eastern Bering Sea since 1966 and 1977, respectively. Peak landings occurred at the Pribilof Islands in 1980 (4976 t valued at US$9.6 million), and at St. Matthew Island in 1983 (4288 t valued at US$25.6 million). In 1997, combined landings from both fisheries were 2341 t (US$11.2 million), but by 1998 had declined to 1536 t ($5.3 million). The Pribilof Islands fishery began to decline in the 1980s, was closed from 1988 to 1994, and reopened in 1995; both fisheries were closed in 1998 and have remained closed since then (NPFMC, 2002) . Simultaneously, the population of red king crab (RKC) P. camtschaticus (Tilesius, 1815) in the Pribilof Islands has increased since 1991, but no directed fishing for RKC has occurred there since 1998 in order to prevent bycatch of BKC.
The distribution of red and blue king crabs overlaps slightly at the periphery of their ranges, and the species are similar in size and life history. However, RKC spawn annually and have either a 12-or 11-month developmental period, depending on whether they are primiparous or multiparous (Stevens and Swiney, in press ), whereas female BKC typically exhibit a biennial spawning cycle (Jensen and Armstrong, 1989) . Female BKC generally extrude new eggs in late winter and carry developing embryos for the remainder of the first year of their 2-yr spawning cycle, while those in the second year of their spawning cycle carry empty egg cases (Somerton and MacIntosh, 1985) . Larvae generally hatch in the late winter or early spring (April-June) in the Pribilofs. Unlike female RKC which immediately molt, mate, and extrude a new clutch of eggs within a day or two of hatching (Stevens and Swiney, in press ), BKC carry the empty egg cases for another year until they subsequently molt, mate and extrude the following spring (Somerton and MacIntosh, 1985) . During this time, their ovaries develop slowly, requiring two years to produce fully mature oocytes. The length of the developmental period has been estimated at 12 months (Jensen and Armstrong, 1989 ), 14-15 months (Somerton and MacIntosh, 1985) , to as long as 19 months (Sasakawa, 1973a) ; however, few crabs were actually observed during hatching by these authors. A small number of female BKC appear to spawn for 2 years in succession, whereas others may not spawn for two successive years (Somerton and MacIntosh, 1985) . The size at which female BKC become sexually mature differs with location, but they are largest (96.3 mm CL) in the Pribilof Islands and smallest (80.6 mm) at St. Matthew Island (Somerton and MacIntosh, 1983) .
Hatching is one of the earliest significant events affecting the survival of king crabs, and it may be affected by temperature as well as the reproductive history of the females. Primiparous female RKC typically spawn earlier than multiparous females (Powell et al., 1973) . In the laboratory, adolescent female red king crabs molt, mate, and produce clutches of fertile eggs from January through February, whereas multiparous females reproduce from March through April (Stevens and Swiney, in press ). However, hatch timing for RKC is delayed in years with particularly low water temperatures (Otto et al., 1990; Shirley et al., 1990) . The timing and duration of hatching is an important aspect of the reproductive survival strategy for BKC, and it may directly affect their survival. Stage 1 zoea of RKC must find adequate food sources such as diatoms (Thallasiosira sp.) and feed within 3 days of hatching or survival will be poor (Paul et al., 1989; Paul and Paul, 1990) . After hatching, both red and blue king crabs develop through four zoeal and one transitional stage (the glaucothoe) before metamorphosis to the first juvenile crab (C1) stage (Marukawa, 1933; Sato and Tanaka, 1949a, b; Hoffman, 1968; Nakanishi et al., 1974; Nakanishi, 1981; Haynes, 1982) . Larvae of both RKC and BKC have been cultivated in the laboratory (Abrunhosa and Kittaka, 1997; Stevens and Kittaka, 1998; Stevens, 2003a ) on a diet of Artemia alone or in combination with diatoms (Kittaka et al., 2002; Stevens et al., in press ).
The present experiment was conducted as part of a research program to improve knowledge of the reproduction and early life history of blue king crab, from fertilization through the first year of life. This report documents the timing and duration of the hatching process and the quantity of larvae produced by adult female BKC.
MATERIALS AND METHODS
Blue king crabs were captured from areas near the Pribilof Islands (between 568549 and 578359N, and between 1698189 and 1698309W) at two different times, held aboard ship until it returned to Dutch Harbor, Alaska, and shipped to Kodiak, packed in wet burlap bags surrounded by gel ice in large coolers. All female BKC used in this experiment were ovigerous when captured. Crabs 1-6 (Table 1) were captured in early July 2003 using a 83-112 otter trawl, shipped to Kodiak on 10 July, and were placed in a 4000-L tank with recirculating chilled seawater at 48C. Bottom water temperatures in the area of capture ranged from 3 to 58C in July. The remaining crabs were collected in late September 2003 using side-loading crab pots, shipped to Kodiak on 8 October, and were subsequently separated into two groups: 7 crabs (7-13) were held in a 2500-L tank with water chilled to 3.58C (at a flow-through rate of about 1 L Á min À1 ), and 10 crabs (14-23) were placed in a 4000-L tank with low-flow water chilled to 28C. Water temperatures in each tank were recorded by a TidbitÓ electronic temperature logger (Onset Corporation, PO Box 3450, Pocasset, Massachusetts 02559) [Reference to trade names does not imply endorsement by the National Marine Fisheries Service, NOAA.] after 21 August 2003, and were intended to be 2, 3.5, and 58C, but actual temperatures in the recirculating tank averaged 4.0 6 1.08C (Fig. 1) , and the temperature loggers in the other two tanks failed during the experiment, so no data were recovered from them. For reference to these tanks, set-point temperatures are used instead. All crabs were measured from the right orbit to the rear center margin of the carapace (carapace length, CL) using vernier calipers.
Crabs were fed twice weekly ad libitum with squid (Loligo spp.) and fish (either Pacific cod Gadus macrocephalus or coho salmon Oncorhynchus kisutch) cut into 2 cm chunks. Tanks were checked daily for the presence of larvae. As soon as larvae were observed, all crabs were transferred to separate 70-l RubbermaidÓ totes (referred to as ''tubs'') for hatching, and were not fed while in the tubs. Each tub received continuously flowing seawater at ambient temperature at a rate of 4-5 L Á min
À1
. Ambient temperatures differed from those in the recirculating system by ,0.58C from 15 January to 17 April ( Fig. 1) , with the exception of a 3-d period in February when the chiller was shut down for maintenance after all crabs had been moved to hatching tubs. Water exited through a drain in the lower corner of the tub and passed up through a standpipe into a fine mesh net where larvae were trapped. Tanks were covered with green translucent plastic at all times so that light levels in the tanks during the daytime were about 0.5 lux. Tubs were checked each morning to ensure that all larvae had been flushed out. Nets were then removed and larvae were transferred to a graduated 10 ml or 50 ml cylinder, and allowed to settle until stable. Volumes ,5 ml were then recorded to the nearest 0.5 ml, whereas larger volumes were recorded to the nearest 1 ml. When ,30 larvae were released, their volume was estimated as 0.1 ml. To determine the relationship between volume and number of settled larvae, individual larvae were counted completely in samples of various volumes up to 20 ml. One additional sample of 25 ml was diluted to 1000 ml of seawater, and six 100 ml sub-samples were removed and counted with replacement. The relationship between volume and number of zoea larvae was described by a simple regression equation: #Zoea ¼ 264.16(vol) þ 130.22 (n ¼ 6, R 2 ¼ 0.9685) (Fig. 2) .
Daily volumes of zoea larvae released by each crab were summed to obtain the total volume for that crab. Mean hatch date was calculated for each crab by multiplying the day-of-the-year (DOY) by the volume of larvae released on that date, summing the products, and dividing by total volume of larvae released by that crab. Total hatching days were defined as the number of continuous days on which each crab released larvae. Total numbers of zoea larvae released were calculated from total volume using the relationship defined above. Carapace length (CL, in mm), mean DOY, hatching days, and total volume (ml) of larvae released were compared between crabs held at the three different temperatures (2, 3.5, or 48C) by ANOVA, after variances were found to be homogeneous (Bartlett's test, P . 0.05). When the ANOVA was significant, means for the three groups were compared by Tukey's HSD test, and differences were considered significant if P , 0.05. All analyses were conducted with Statistix (Analytical Software, PO Box 12185, Tallahassee, Florida, 32317, U.S.A.). Mean values 6 1.0 SD are given in the text.
RESULTS
Stage I zoea larvae were first observed in the 48 tank (at 4.068C) on 20 February 2004, and all female BKC were transferred to hatching tubs on that day when ambient water temperature was 4.08C. Temperatures in the hatching tubs began to increase after early April, and the last crab finished hatching on 22 May, at an ambient temperature of 7.08C. Hatching patterns for all crabs, as proportion of total volume of larvae released, are shown in Fig. 3 , and the average pattern (from the first day of release), is shown in Fig. 4 . Low numbers of larvae (volumes , 1 ml) were released for the first 2-3 days, after which output increased steadily to a maximum before tapering off; an exception was crab #4, which stopped releasing larvae for 10 days in mid-hatch. Note that two crabs (#2 and #3) had begun hatching prior to daily collections, and Crab #18 died in mid-hatch due to interruption of water flow; these three crabs were excluded from statistical analysis.
Female BKC used in this experiment ranged in size from 107.4 to 137.5 mm CL; mean sizes did not differ between the three temperature groups, and the overall mean was 123.9 6 7.1 mm (Table 1) . Crabs held at 48C hatched significantly earlier, with a mean hatch date of 13 March, than the other two groups, which both had mean hatch dates of 18 April. Crabs held at 48C and 28C hatched over relatively continuous periods of time, whereas hatching by crabs held at 3.58C was separated into two time periods (Fig. 5) ; three crabs (#8, #10, and #11), hatched in late March to early April, and three others (#9, #12, and #13) delayed hatching until early May (Table 1) . Individual crabs required 22-37 d to release all their larvae, with a mean of 28.8 6 4.5 d. Crabs in the 3.58C group required an average of 31.0 6 4.5 d, whereas crabs in the 48C group required more days (34.0 6 2.8 d), and crabs in the 28C group required fewer days (26.2 6 3.0 d); the 48C and 28C groups were significantly different from each other, but neither was significantly different from the 3.58C group. There were no significant differences in mean volume of larvae (and thus mean number) released by crabs held at the three temperatures. The calculated number of larvae released ranged from 80,725 to 138,761, with a mean of 110,033 6 17,865. There was no significant correlation between crab carapace length and mean hatch date, hatching days, larval volume or numbers (Fig. 6) .
Several crabs carried patches of dead eggs among their clutches, that remained present after all viable embryos had hatched. Although such eggs were not counted, they comprised up to a maximum of 10% of the total volume. 
DISCUSSION
Hatching of blue king crabs occurred over an extended period of time (29 d), which is in agreement with data for other lithodid crabs. The observed hatching time is not significantly different (t ¼À1.803, P ¼ 0.078, d.f. ¼ 46) from the average of 31.7 d observed for 37 multiparous red king crabs (Stevens and Swiney, in press ). It is slightly less than the 34 d required by golden king crab Lithodes aequispinus (Paul and Paul, 2001) , and 35 to 41 d required by southern king crab Lithodes santolla (Thatje et al., 2003) (but statistical comparisons could not be made owing to incomplete or unreported raw data). Contrary to expectations, the duration of hatching increased significantly with temperature, in contrast with data for red king crabs. Shirley et al. (1990) held female RKC at 3, 6, 9, or 128C, and found they required 76, 29, 29, and 47 d, respectively, for hatching. However, the RKC studied by Shirley et al. (1990) were held at a constant temperature for their entire incubation period, whereas the BKC used in the present experiment were held at different temperatures only for a few months, from July or October, until late February. In the laboratory, BKC embryos held at 58C developed pigmented eyes after 180 days, i.e., by 1 September (Stevens, 2006) , so the crabs Each baseline represents a 10% increment. Crabs #2 and #3 began hatching prior to daily collections. Crab #4 stopped releasing larvae for 10 days. Crabs #5, #6, and #7 died before hatching, and Crab #18 died after releasing only about half of her larvae. Crabs #24 and #25 did not exist; baseline is only shown to allow overlap of Crab #23. used in this study would probably have undergone much of their embryonic development before they were captured and transferred to the laboratory. Reproductive histories of the female BKC used in this experiment were unknown, but most were probably multiparous, based on an estimated size at 50% maturity of 96.3 mm for Pribilof Islands BKC (Somerton and MacIntosh, 1983) .
Although crabs held at 48C hatched significantly earlier than those held at colder temperatures, confounding factors may have contributed to that difference. The early hatching crabs were captured 3 months before the other two groups (which had similar hatching dates), and were held at warmer temperatures for about a month as the recirculating system cooled. Furthermore, the differences in holding temperature were minor. Therefore it is possible that hatch timing was affected as much by the timing of capture and length of captivity as by the temperature at which crabs were held in the laboratory.
Fecundity of king crabs has been determined during the early stages of embryo development (Somerton and Meyers, 1983; Somerton and MacIntosh, 1985) . However, not all fertilized eggs survive to hatching, and the number of larvae actually released may be lower than the estimated fecundity. This is true for both Tanner crabs (Stevens, 2003b) and RKC (Stevens and Swiney, in press ). The mean number of larvae (110,033) released by BKC in this experiment was slightly lower than the mean fecundity (120,000) estimated for BKC in Japan by Sasakawa (1973b) . Somerton and MacIntosh (1985) concluded that fecundity of 145 adult female BKC from the Pribilof Islands was a curvilinear or asymptotic function of crab size. The expected fecundity for a crab 125 mm CL, calculated from their data, would be 162,360 eggs, whereas the mean number of larvae released by a similarly sized crab in the present experiment (excluding crabs #2 and #3) was 109,475, a difference of 33%. This difference could be due to egg mortality such as that observed among the clutches of experimental crabs. Sasakawa (1973b) also reported that up to 11% of the eggs in five crabs he examined were dead.
Hatching periods for king crabs are among the longest for any crustacean. In contrast, hatching by some intertidal and nearshore crabs is relatively brief, ranging from 2 to 10 min for fiddler crabs Uca spp. (Morgan and Christy, 1995; Yamaguchi, 2001 ) to 1 h for the semi-terrestrial crab Sesarma haematocheir (Saigusa, 1992) . Hatching in synchrony with the lunar, tidal, or daylight cycles may enhance larval survival through concentration, dispersal, or by impeding visual predators (Forward, 1987) , and may be an adaptation to high levels of planktivory (Morgan and Christy, 1995) . Thatje et al. (2003) suggested that lecithotrophic development of the southern king crab L. santolla and the golden king crab (Shirley and Zhou, 1997) was an adaptation to the conditions of low temperature, limited food, and reduced oxygen availability typical of subpolar marine ecosystems, and that extended hatching in large egg masses such as those carried by king crabs may be the result of oxygen gradients within the egg mass, allowing earlier hatching of eggs near the margin where oxygen levels are greater. However, both RKC and BKC exhibit extended hatching (ca. 30 d) similar to that of Lithodes spp. despite the fact that their larvae are planktotrophic, and they live in subpolar regions where spring plankton blooms are intense (Stabeno et al., 2001 ). In addition, other sympatric species of crabs have a range of different hatching periods, despite similar environmental conditions, and similar or greater fecundity. For example, the hair crab Erimacrus isenbeckii (whose distribution overlaps that of both BKC and RKC in the Bering Sea) required from 9 to 31 days to release their larvae (Sasaki and Mihara, 1993) , whereas hatching by Tanner crabs (Chionoecetes bairdi) requires only 6-9 days per crab (Stevens, 2003b) , and hatching of Dungeness crab Cancer magister requires only about 10 days despite much higher fecundity [K. Swiney, NMFS, Kodiak Fishery Research Center, 301 Research Ct., Kodiak Alaska, 99615. Personal communication, May 2004.] .
Oxygen gradients in invertebrate egg masses may delay development of those eggs in the center (Cohen and Strathmann, 1996; Naylor et al., 1999) . However, brachyurans overcome the limitations of diffusion by abdomen flapping, which ventilates the egg mass and increases the concentration of oxygen within it . In Cancer setosus and Homalaspis plana, oxygen consumption (MO 2 ) and availability are both lower for embryos located in the center of the egg mass than for those on the periphery during early stages of development but not during later stages Fernandez et al., 2003) . Differences in embryo development rates (indicated by embryo volume and proportion of yolk) between central and peripheral embryos of those species were insignificant because female crabs adjusted their ventilatory behavior to supply oxygen to embryos as needed (Fernandez et al., 2003) . Female crabs can probably detect the condition of their embryos and may be able to alter development rates as needed (Naylor et al., 1999; Fernandez et al., 2003) . Hatching by these two species takes place over a few days, which was considered asynchronous by the authors (Fernandez et al., 2003) , but is relatively synchronous compared to king crabs. In light of this information, it seems likely that king crabs can also adjust ventilation and development rates of their embryos.
The extended hatching periods of RKC, BKC, and other lithodid crabs imply a lack of synchrony with plankton blooms, and would be advantageous in an unpredictable environment. In Auke Bay, Alaska, first stage zoeae of king crabs derive much of their energy from the diatom Thallasiosira nordenskioeldii, which is one of the first species to dominate during the spring plankton bloom, but get little nutrition from later blooming species such as Chaetoceros and Skeletonema, and cannot effectively capture copepods at the densities present (, 40 L À1 ) during early spring (Paul et al., 1989) . First stage zoeae must capture adequate prey within 60 h of hatching to survive; after 84 h without food, their ability to capture prey declines dramatically (Paul and Paul, 1980) . If the presence of specific foods cannot be detected directly or predicted from environmental cues, then extended hatching would ensure that at least some larvae hatch in temporal synchrony with the availability of food sources.
Similarity in the hatching duration (28-34 d) for all king crab species examined to date suggests that, rather than concentrating their reproductive effort into a narrow window of time, or being totally dependent on oxygen availability to determine hatch timing, king crabs engage in a ''bet hedging'' strategy by spreading out their reproductive risk over time (Slatkin, 1974) . Species that engage in bethedging may achieve greater mean fitness by producing fewer offspring per unit time rather than by maximizing the number of offspring with highly variable survival (Philippi and Seger, 1989) . One way to achieve this is via asynchronous hatching, as exhibited by a wide variety of organisms, including desert plants (Philippi, 1993) , fresh-water anostracans (Simovich and Hathaway, 1997; Philippi et al., 2001) , and birds (Laaksonen, 2004) . Such a strategy may reduce competition or predation by dispersing offspring in time rather than space (Philippi et al., 2001) , and improves the odds of reproductive success for species that live in variable environments, where complete reproductive failure is possible in any year (Simovich and Hathaway, 1997) . Another outcome of asynchronous hatching is an increase in the phenotypic diversity of offspring, ensuring that at least some will survive under different environmental conditions, and improving the species ability to adapt to variable future environments (Laaksonen, 2004) . According to this Fig. 6 . Carapace length of blue king crab females and number of larvae released, by temperature group. ''S & M'' are predicted values from Somerton and MacIntosh (1985) .
''offspring diversity hypothesis'' the degree of hatching asynchrony should increase with environmental variation (Laaksonen, 2004) . Hatching of BKC and other king crabs is seasonal, and therefore not necessarily asynchronous, although it does occur over an extended period of time.
The theory of diversified bet hedging has three theoretical predictions (Simovich and Hathaway, 1997) : (1) The fraction hatching in a given time period, season, or year is proportional to the probability of successful reproduction at that time; (2) seeds or cysts that do not germinate at the first opportunity remain viable until subsequent similar conditions occur, and (3) variability in hatch timing results from variability among the offspring of all adults, i.e., hatch timing does not become fixed over generations (Simovich and Hathaway, 1997) . The theory was originally applied to species whose seeds (or eggs or cysts) germinated over a period of years that could be highly variable in quality. However, it may also apply to species such as king crabs that hatch under environmental conditions that can be highly variable over short time scales of weeks or months (such as the uncertain timing of the spring plankton bloom). Reinterpretation of this theory, relative to the life history of crabs, would seem to suggest that (1) the time required for hatching is proportional to the unpredictability of conditions for optimum survival, (2) that survival potential (larval competence) does not vary between early and late hatching crabs (a testable contrast with the oxygen-dependence theory), and (3) that the variation in hatch timing does not diminish over multiple generations. These hypotheses can and should be tested in lithodid crabs.
Although lithodid crabs may engage in bet-hedging, it is apparent that other species of crabs living under similar environmental and ecological conditions do not. Starr et al. (1994) suggested that snow crab, Chionoecetes opilio, released larvae in response to the presence of senescent phytoplankton cells. In contrast, Stevens (2003b) concluded that Tanner crab, C. bairdi, release larvae during the period of strongest currents within the high spring phase of the lunar tide cycle, and that the conclusions of Starr et al. (1994) were confounded by tidal cycles as well. The relatively brief spawning period of Tanner crab (6-9 d) is consistent with hatching in response to environmental factors which produce high survival (Stevens, 2003b) . Blue king crabs live in a similar environment, yet have a much longer hatching period, suggesting that survival is not dependent on tidal rhythms. Extended hatching and lecithotrophic development in the Lithodidae may be evolutionary responses to conditions that were highly variable and unpredictable, whereas environmentally cued hatching over shorter time periods, as exhibited in the Majidae, may be an adaptation to optimize larval transport rather than feeding opportunities.
